ABSTRACT-Effect of cholinergic stimulation on the release of digestive enzymes from isolated rat pancreatic acini prepared by collagenase digestion was investigated. The release of enzymes (amylase, chymotrypsinogen, lipase) increased linearly with the time of incubation in the absence of secretagogues. Carbachol, a muscarinic ago nist, induced a remarkable increase in the release of these enzymes. This carbachol stimulated amylase release showed a biphasic curve, and its maximal response was observed at 10-5 M. The release patterns of chymotrypsinogen and lipase were similar to that of amylase. This carbachol-stimulated amylase release was inhibited by atro pine in a dose-dependent manner, with an ED50 value of 1.17 X 10-8 M. Other cho linergic agonists such as methacholine also stimulated the release of these enzymes, and these increases in the release were inhibited by atropine. [2,3-b1[1,4]-benzodiazepine-6-one), on pancreatic acini was also investigated. Based on these results, it has been concluded that isolated rat pancreatic acini have muscarinic receptors and are useful for analyzing the mecha nism of pancreatic enzyme secretion.
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Pancreatic exocrine secretion is regulated by neural and humoral factors (1) (2) (3) . Recent de velopment in the techniques to isolate pan creatic acinar cells such as enzyme digestion, chelation and mechanical shearing procedures (2, 4, 5) have facilitated the pharmacological analyses of such regulatory mechanisms on pancreatic exocrine secretion. In fact, pan creatic physiological functions including the re sponsiveness of enzyme secretion to various secretagogues and receptors coupled with pan creatic exocrine function has been clarified (6) (7) (8) (9) . Amylase secretion has been used as an index for pancreatic exocrine function and for investigating the regulatory roles of receptor activation on the secretion. In spite of the im portant physiological roles of pancreatic exo crine glands in the secretion of lipase and chymotrypsinogen as well as amylase, few re ports dealing with the mechanisms of in vitro secretion of these enzymes are available (10, 11) . Therefore in the present study, we have attempted to examine the functional coupling between muscarinic receptors and enzyme re lease using isolated rat pancreatic acini pre pared by enzyme digestion.
MATERIALS AND METHODS

Materials
Soybean trypsin inhibitor (type 1-S) and HEPES (N-2-hydroxy-ethyl-piperadine-N'-2 ethanesulfonic acid) were purchased from Sig ma Chemical Co. (St. Louis, U.S.A.). Col lagenase (type 4) and minimal Eagle's medium amino acid supplement were obtained from Worthington Biochemicals (Freehold, U.S.A.) and Gibco (Grand Island, U.S.A.), respective ly. Miles Laboratories (Elkhart, U.S.A.) was the source of bovine serum albumin (fraction 5, powder).
[3H]Quinuclidinyl benzilate ([3H]QNB, 42.6 Ci/mmol) was purchased from New England Nuclear (Boston, U.S.A.). AF-DX 116 was a kind gift from Boehringer Ingelheim (Elmsford, U.S.A.). Other chemi cals used were locally available and of analyti cal grade.
Preparation of pancreatic acini
Male Wistar rats weighing 200 g to 300 g having free access to laboratory chow and wa ter ad libitum were used for the preparation of pancreatic acini. Pancreatic acini were pre pared according to the procedure described previously (6, 12) with a minor modification. Krebs-Henseleit-bicarbonate buffer (KHB) (110 mM NaCI, 32.5 mM NaHCO3, 4.7 mM KCI, 1.13 mM MgC12, 1 mM Na2HP04, 2 mM glutamine and 11.1 mM glucose) containing 0.01% trypsin inhibitor and minimal Eagle's medium amino acid supplement was used as the basic medium. The medium used for preincubation and reaction of enzyme release was HEPES-buffered Ringer solution (HR) containing 127 mM NaCI, 4.7 mM KCI, 1.2 mM CaC12, 0.56 mM MgC12, 1 mM Na2HPO4, 10 mM HEPES, 2 mM glutamine, 11.1 mM glucose, 0.01% trypsin inhibitor, minimal Eagle's medium amino acid supplement and 0.5% bovine serum albumin. All media used in this study were adequately gassed with 95% 02-5% CO2 and pH adjusted to 7.4.
Rats were sacrificed, and the pancreas was immediately removed and trimmed of fat and mesentery. Five milliliters of the basic medium containing collagenase (1 mg/ml) and 0.1 mM CaCl2 (the medium for dissociation) was in jected into the pancreas to make it swell. This swollen pancreas was then minced and incu bated in a 25 ml Erlenmyer flask with recip rocal shaking (120 strokes/min) at 37°C for 10 min. After this first incubation, excess medium was discarded, and 5 ml of fresh dis sociation medium was added. The pancreas was incubated again under the above-de scribed conditions for 40 min. The digested pancreas was then mechanically disrupted by aspirating up and down through pipettes with decreasing orifice size. After the disrupted pancreatic tissue was filtered through a nylon sieve (mesh size 0.15 mm), the sieve was rinsed with 10 ml of the basic medium contain ing 1% BSA and 0.1 mM CaC12. The filtrate containing pancreatic acini was then centri fuged (50 X g, 4°C, 4 min) and the pellet thus obtained was resuspended with the basic medium containing 4% BSA and 0.5 mM CaC12 and centrifuged (50 X g, 4°C, 4 min). Finally, pancreatic acini were suspended with HR and preincubated for 30 min before each experimental use.
Morphological observation
The morphological features of the isolated pancreatic acini were examined by phase con trast microscopy and transmission electron microscopy. Phase contrast micrographical studies were directly carried out under a phase contrast microscope (Nikon Diaphoto-TMD). For transmission electron microscopical ex aminations, isolated acini were prefixed with 0.1 M KRB buffer containing 2.5% glutaral dehyde, followed by the fixation with 1% OsO4. The fixed acini were dehydrated with ethanol, inversed in propylene dioxide, and finally embedded in Epon. The ultrathin sec tions were stained with uranyl acetate and poststained with lead nitrate and then ex amined by a Hitachi HS-11 electron micro scope.
Measurement of viability of pancreatic acini
To evaluate the viability of pancreatic acinar cells, the trypan blue exclusion test and measurement of the leakage of lactic dehydro genase (LDH) activity were employed. Trypan blue dye dissolved in 0.9% NaCI solution was added to the suspension of pancreatic acini to a final concentration of 0.2%, and unstained cells were counted under a microscope. LDH activities in cells and medium were assayed by the method of Wroblewski (13) . The leaked LDH activity was expressed as a percentage of the total initial content in cells.
Determination of enzyme secretion
After the preincubation with reciprocal shaking (60 strokes/min) at 37°C for 30 min, acini were centrifuged and resuspended in fresh HR to adjust the protein concentration of 0.3 0.5 mg protein/ml. Four milliliters of this suspension was transferred to 25-ml sili conized glass flasks and then incubated with reciprocal shaking (60 strokes/min) at 37°C with various agents. Following incubation of various intervals, 1 ml of cell suspension was centrifuged at 10,000 X g by a Beckman micro centrifuge for 20 sec, and the supernatant obtained was subjected to the determination of various digestive enzymes. Enzyme activity determined in the supernatant before incuba tion was taken as the value at zero time. The net value of secreted enzyme activity obtained after incubation with various drugs was calcu lated by subtracting the enzyme activity de tected in the supernatant before incubation (zero time) from that detected in the super natant after incubation with drugs. The total activity of each enzyme in the cells before in cubation was measured as follows: The pellet obtained at zero time was rinsed with ice-cold 0.9% NaCl, recentrifuged and the same volume of distilled water was added. This sample was homogenized by a Polytron homogenizer and then subjected for the measurements of both enzyme activity and protein content. The enzyme released into the medium during the incubation was expressed as the percentage of total initial content of enzyme activity in pancreatic acini. Amylase activity was assayed by the method of Ceska et al. (14) using the Phadebas blue starch test. Chymotrypsinogen was initially converted to chymotrypsin by bovine trypsin according to the method of Dagorn (15), and the activity of chymotrypsin was assayed by the method of Imondi with a modification using N-benzoyl-L tyrosyl-p-aminobenzoic acid (BT-PABA) as a substrate (16) . Lipase activity was determined by the BALB-DTNB method (17) . Protein was measured by the method of Lowry et al. with bovine serum albumin as a standard (18) .
Muscarinic receptor binding assay
Muscarinic receptor binding was carried out according to the methods described previously with a minor modification (19, 20) using [3H]quinuclidinyl benzilate ([3H]QNB, 42.6 Ci/mmol) as a radiolabeled ligand for the muscarinic receptor. After the preincubation of acini at 37°C for 30 min, acini (0.05-0.18 mg protein/ml of suspension) in HR without bovine serum albumin were incubated with various concentrations of [3H]QNB at 37°C for 180 min. The total volume used for the recep tor binding assay was 4 ml. Specific binding was calculated by subtracting the binding obtained in the presence of 10-5 M atropine from the total binding determined in the ab sence of atropine. Each binding assay was per formed in triplicate. The reaction was ter minated by filtering the cell suspension through a Whatman GF/B filter under vacuum, followed by three times washing with ice-cold 0.9% NaCI solution (total volume: 15 ml). The filter was transferred to a scintilla tion vial containing 10 ml scintillation cocktail, and the radioactivity was measured by a liquid scintillation spectrometer.
Statistics
All results obtained were expressed as the mean ± S.E., and Student's t-test was em ployed to determine statistical significance.
RESULTS
Morphological features of isolated pancreatic acini Figure 1 -A shows a phase microscopic view of the isolated acini. The preparation con sisted of single cells and clumps of cells with acinar configuration. No contamination of duct fragments and islets of Langerhans was observed. The transmission electron micro graph of isolated acini revealed that intracellu lar organellae such as nuclei, mitochondrias, zymogen granules, endoplasmic reticulums and ribosomes appeared to retain their normal structure ( Fig. 1-B) . The zymogen granules in each cell were localized at the apical site of cells rather than the site opposite to the lu men. These morphological observations clearly demonstrate that the isolated pancreatic acini used in this study possess morphological fea tures typical to pancreatic acinar cells.
Viability of acinar cells
Two types of tests were employed to evalu ate the viability of pancreatic acini, namely the activity to exclude trypan blue dye and the leakage of lactic dehydrogenase (LDH) activ ity from isolated acini into the incubation medium. Figure 2 shows the changes in the viability of isolated acini during incubation in KHB buffer at 37°C. Immediately after the isolation, only less than 10% of the acini was stained by trypan blue dye. Although the proportion of isolated acini excluding trypan blue dye showed a gradual decrease during the examined incubation period, it was found that more than 80% of the isolated acini showed the activity to exclude dye even after 180 min of incubation (Fig. 2-A) . Leakage of LDH activity from isolated acini into the incubation medium increased gradually with the time of incubation. However, the leakage of LDH activity was less than 5% of the total LDH activity at 3 hours after the initiation of in cubation (Fig. 2-B) . Based on these results, it is likely that the isolated acini used in the present study retain good viability.
Characteristics of enzyme release from isolated pancreatic acini by secretagogues
The time course of amylase release from isolated pancreatic acini in the presence or absence of carbachol (10-6 M) is shown in Fig. 3 . The increase in amylase release in the absence of carbachol exhibited a linearity with time of incubation. On the other hand, amyl ase release in the presence of carbachol (10-6 M) showed a remarkable increase during the first 30 min of incubation, and the rate of in crease was found to be linear until 120 min of incubation. When the carbachol-stimulated secretion of amylase was expressed as the ratio to the value determined in the absence of carbachol, the ratio exhibited its maximum value (about 4 fold of the value without car bachol) at 30 min after the initiation of in cubation (Fig. 3) . According to these results, amylase release induced by secretagogues was determined during the first 30 min after the addition of secretagogues.
Based on the data that the releases of chy motrypsinogen and lipase from pancreatic acini by carbachol (10-5 M) became linear 60 and 30 min after the addition of carbachol, re spectively, the incubation time for examining the releases of chymotrypsinogen and lipase in the presence of secretagogues was determined at 60 and 30 min after the addition of car bachol, respectively. Figure 4 -A shows the dose-response curve for amylase release stimulated by various con centrations of carbachol. This curve was bell shaped and the maximal response was observed at 10-5 M. To examine whether or not the stimulatory effect of carbachol on amylase release from isolated pancreatic acini was mediated by muscarinic receptors, the amylase release at the concentration of 10-6 M. Furthermore, the increase in amylase release induced by these drugs was signif icantly inhibited by 10-5 M atropine (Table 1) . isolated acini were significantly stimulated by muscarinic agonists at the concentration of 10-6 M (Figs. 6 and 7) . In addition, the in crease of the release of these enzymes was also found to be significantly inhibited by 10-5 M atropine (Table 2) . Cholecystokinin (CCK) is also known as one of the secretagogues that induces the re lease of amylase from the pancreas. Therefore in this study, we have examined the effect of CCK on the releases of chymotrypsinogen and lipase from isolated pancreatic acini. Effect of antagonists for muscarinic receptor subtypes on carbachol-stimulated amylase re lease from isolated pancreatic acini Effect of pirenzepine (PZ), a M1 receptor antagonist, and AF-DX 116, a cardio-selective M2 receptor antagonist, on the carbachol stimulated amylase release was also investi gated. These antagonists exhibited a dose-de pendent inhibition on the carbachol-stimulated amylase release (Fig. 8) , and the ED50 values of PZ and AF-DX 116 were found to be 4.39 X 10-6 M and 5.06 X 10-5 M, respectively. (Fig. 9) . Scatchard analysis re vealed that isolated pancreatic acini used in this study possessed a high affinity binding site with a Kd value of 0.09 nM and a Bmax value of 89.3 fmol/mg protein (Fig. 10) . Moreover, this [3H]QNB binding to isolated pancreatic acini was dose-dependently inhibited by atro pine with an IC50 value of 2.56 X 10-9 M (Fig. 11) . Similarly, the effects of PZ and AF DX 116 on the [3H]QNB binding was ex amined. These antagonists for muscarinic sub types also showed an inhibitory effect on [3H]QNB binding similar to that of atropine, although the IC50 values of PZ and AF-DX 116 were 2.90 X 10-7 M and 1.21 X 10-6 M, respectively (Fig. 12) . 
DISCUSSION
In the present study, we have examined the morphological characteristics, the enzyme re leases in response to muscarinic cholinergic agents and pharmacological characteristics of muscarinic receptors in rat pancreatic acini isolated by collagenase digestion. Morphologi cal studies using transmission electron micro scope demonstrated that isolated pancreatic acini retain intact microscopic features, which were in accordance with previously reported data using isolated pancreatic acini and pan creas in vivo (4, 6, 21, 22) . In addition, the acini maintained a good viability as judged by the trypan blue exclusion test and the leakage of LDH activity. Therefore, it has been con cluded that these isolated pancreatic acini are useful for investigating its physiological func tions including the effect of muscarinic stimu lation on digestive enzyme release and the characteristics of the muscarinic receptors of the pancreatic acini.
The ratio of carbachol-stimulated amylase release to non-stimulated (basal) amylase re lease was found to be about 4.0 at 30 min af ter the addition of muscarinic agonists, which is in good agreement with the previously re ported data (6, 23) . In this study, the respon siveness of enzymes release (amylase, chymo trypsinogen, and lipase) to carbachol in iso lated pancreatic acini showed a biphasic pat tern. It is not clear why such a biphasic pat tern of carbachol-stimulated enzymes release was observed in isolated acini. Williams et al. proposed that this phenomenon might be due to a rapid decline in the rate of amylase re lease following an initial few minutes of stimu lation (24) and termed it "desensitization" or "tolerance" (6) . On the other hand, Barlas et al. proposed the concept of "restricted stimu lation" for the similar phenomenon observed in their experiments, in which amylase release induced by CCK-8 decreased with the highest concentration of CCK-8 (25) . It was notewor thy that the patterns of the releases of chy motrypsinogen and lipase in response to CCK 8 were similar to that of amylase in the pres ent study. Two hypotheses about pancreatic exocrine secretion, parallel secretion and non parallel secretion, have been proposed (26, 27) . However, from the results demonstrated in this study, it has been suggested that pan creatic exocrine cells have the ability to sec rete digestive enzymes such as amylase, chy motrypsinogen and lipase in a similar fashion to the secretion of enzymes induced by the stimulation by agonists for muscarinic and CCK receptors.
The present study and other reports have clarified that muscarinic receptors are indeed present on rat pancreatic acini (19, 20 (29, 30) . The linearity of the Scatchard plot of [3H]QNB binding to isolated pancreat ic acini is considered to be evidence for the presence of a single class of binding sites. Re cently, the concept of subtypes of muscarinic receptors has been proposed. In fact, the pres ence of subtypes in muscarinic receptors (M1 and M2) has been detected using new muscar inic antagonists (31) (32) (33) . The pancreatic acini was also found to have a low affinity for pirenzepine (PZ), an antagonist for the M1 re ceptor, which suggests the presence of other subclasses of muscarinic receptors on pancre atic acini (34, 35) . In recent studies, PZ, a M1 antagonist, and AF-DX 116, a M2 antagonist, have been developed to analyze the subclass of muscarinic receptor involved in pancreatic enzyme release (36, 37) . In the present study, the order of IC50 values of these muscarinic antagonists for [3H]QNB binding and carbachol-stimulated amylase release was found to be as follows: atropine < PZ < AF DX 116; These results are in good agreement with the data previously reported (35, 37) . Although pancreatic acini showed a low affin ity to pirenzepine, which suggested the pres ence of M2 receptors, AF-DX 116 showed a less significant inhibitory effect on carbachol stimulated amylase secretion than pirenzepine. This may be due to the high cardio-selectivity of AF-DX 116 (36, 37) .
Pancreatic acinar cells have capacities to secrete digestive enzymes such as amylase, chymotrypsinogen and lipase in response to muscarinic and CCK receptor activation. It is noteworthy that pancreatic acini prepared by collagenase treatment exhibited the secretory responses of these enzymes to muscarinic and CCK receptor agonists. Therefore, it is con cluded that the isolated pancreatic acini used in this study have exocrine functions similar to pancreatic acinar cells in vivo. These results also suggest that isolated pancreatic acini may be useful for analyzing the mechanism of pan creatic exocrine secretion coupled with mus carinic and CCK receptors.
